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7KLV ZRUN GHDOV ZLWK WKH DSSOLFDWLRQ RI D GHYHORSHG FRPSUHVVLEOH 1DYLHU�6WRNHV nQLWH HOHPHQW FRGH WR oRZ

DURXQG KHOLFRSWHU
V FRQnJXUDWLRQV� 7KLV LV RQH RI WKH nUVW WULDOV WR DSSO\ WKLV NLQG RI QXPHULFDO WHFKQLTXH LQ

WKLV DUHD ZKHUH LW LV YHU\ FRPPRQ WR nQG nQLWH GLmHUHQFHV DQG nQLWH YROXPHV UHVXOWV� 7KLV VWXG\ LV SDUW RI

D SURMHFW WKDW LQFOXGHV VHYHUDO VWDJHV RI GHYHORSPHQW FRYHULQJ IURP VLQJOH URWRU VLPXODWLRQ LQ YHUWLFDO DQG

IRUZDUG oLJKW� LQWHUDFWLRQ ZLWK IXVHODJH� DHURHODVWLFLW\� WR WKH nQDO JRDO ZKLFK LV WKH SUHGLFWLRQ RI WKH DHURD�

FRXVWLF EHKDYLRXU RI WKH V\VWHP DQG WR GLPLQLVK WKH QRLVH JHQHUDWHG E\ WKH FRXSOLQJ EHWZHHQ oXLG G\QDPLF

SDWWHUQV� 6R� WKLV SUREOHP FRQWDLQV D ORW RI LQWHUHVWLQJ DQG FKDOOHQJLQJ SDUWV PRVWO\ XQGHU UHVHDUFK� +HUH

RXU FRQFHUQ LV FHQWHUHG RQ WKH VLPXODWLRQ RI KHOLFRSWHU LQ KRYHU FRQGLWLRQ LQFOXGLQJ D SUHOLPLQDU VWXG\ RI

WKH oXLG G\QDPLF SKHQRPHQRQ VSHFLDOO\ WKDW FRQFHUQHG ZLWK EODGH YRUWH[ LQWHUDFWLRQ LQ YHUWLFDO oLJKW� $

YLGHR ZLWK WKH VLPXODWLRQ UHVXOWV LV SUHVHQWHG�

,1752'8&7,21

7KH QHHG WR DFFXUDWHO\ FDOFXODWH WKH oRZnHOG RI DQ KHOLFRSWHU URWRU LQ ERWK KRYHU DQG IRUZDUG oLJKW LV RI

JUHDW SUDFWLFDO LPSRUWDQFH� 8QOLNH WKH oRZnHOG RI D n[HG ZLQJ� WKH oRZnHOG RI DQ KHOLFRSWHU URWRU LV JHQHUDOO\

PRUH FRPSOH[ WR DQDO\VH EHFDXVH LW SURYLGHV VRPH RI WKH PRVW FRPSOH[ FKDOOHQJHV WR EH IRXQG LQ WKH nHOG RI

DSSOLHG DHURG\QDPLFV� 7KH FRPSOH[LW\ VWHP IURP VHYHUDO SHFXOLDU SUREOHPV WKDW DUH XQLTXH WR WKH KHOLFRSWHU

URWRU� 7KHVH LQFOXGH D UDGLDOO\ LQFUHDVLQJ EODGH VSHHG WKDW LV UHVSRQVLEOH IRU D KLJK FRQFHQWUDWLRQ RI ERXQG

FLUFXODWLRQ RYHU WKH RXWHU SRUWLRQ RI WKH EODGH� UHVXOWLQJ LQ D VWURQJ WUDLOHG WLS YRUWH[ DQG D VSLUDOLQJ ZDNH

YRUWH[ VKHHW� 7KH YRUWLFDO ZDNH LQLWLDOO\ UHPDLQV FORVH WR WKH URWRU� FDXVLQJ VWURQJ EODGH�YRUWH[ LQWHUDFWLRQV�

2WKHU IDFWRUV DUH WKH KLJK FHQWULIXJDO IRUFH nHOG LQ ZKLFK WKH EODGHV RSHUDWH� WKH UHODWLYHO\ ODUJH VWHDG\�VWDWH

RXW�RI�SODQH GLVSODFHPHQW RI WKH URWRU EODGHV DQG DHURHODVWLF UHVSRQVH RI WKH URWRU LWVHOI DQG nQDOO\� PXWXDO

LQWHUDFWLRQ RI oRZnHOGV RI PDLQ URWRU� WDLO URWRU DQG WKH IXVHODJH� 7KHVH oRZnHOG DUH RIWHQ FKDUDFWHUL]HG

E\ WUDQVRQLF FRQGLWLRQV DQG DVVRFLDWHG VKRFN ZDYHV� ZKLFK PDNH WKH oRZ VXVFHSWLEOH RI WKUHHGLPHQVLRQDOLW\

DQG XQVWHDGLQHVV�� 7KH RSHUDWLQJ FKDUDFWHULVWLFV RI VXFK URWDU\�ZLQJ YHKLFOHV DUH VWURQJO\ LQoXHQFHG E\

WKH YRUWH[ ZDNH� 7KH LQWHUDFWLRQ RI WKLV ZDNH ZLWK WKH IROORZLQJ EODGHV LV D SRWHQWLDO VRXUFH RI QRLVH DQG

YLEUDWLRQ DW ORZ DQG PRGHUDWH oLJKW VSHHGV� 'LVFUHWH IUHTXHQF\ QRLVH LV XVXDOO\ GLYLGHG LQWR GHWHUPLQLVWLF

FRPSRQHQWV RI WKLFNQHVV DQG ORDGLQJ QRLVH� EODGH�YRUWH[ LQWHUDFWLRQ QRLVH DQG KLJK VSHHG LPSXOVLYH QRLVH�

2Q WKH RWKHU KDQG ZH KDYH WKH EURDGEDQG QRLVH FRQVLVWLQJ RI WKH QRQ�GHWHUPLQLVWLF ORDGLQJ QRLVH VRXUFHV

RI WXUEXOHQFH QRLVH� EODGH�ZDNH LQWHUDFWLRQ QRLVH DQG EODGH VHOI QRLVH�� $FFXUDWH SUHGLFWLRQ RI WKH YRUWLFDO

ZDNH
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LV SUREDEO\ WKH PRVW LPSRUWDQW� PRVW VWXGLHG DQG WKH PRVW GLpFXOW DVSHFW RI KHOLFRSWHU oRZnHOG� &XUUHQW

PHWKRGV RI DQDO\VLV RI WKH ZDNH UDQJH LQ FRPSOH[LW\ IURP UHODWLYHO\ VLPSOH PRPHQWXP WKHRU\ DSSOLFDWLRQV

WR IUHH ZDNH OLIWLQJ VXUIDFH PHWKRGV� 7KH LQDGHTXDFLHV RI WKHVH PHWKRGV KDYH OHG WR UHFHQW HmRUWV WR XVH

VWDWH RI WKH DUW FRPSXWDWLRQDO oXLG G\QDPLFV �&)'� FRGHV WR VKHG PRUH OLJKW RQ WKH XQGHUVWDQGLQJ RI WKLV

SUREOHP� )LQLWH GLmHUHQFH FRGHV IRU QRQOLQHDU FRPSUHVVLEOH SRWHQWLDO HTXDWLRQV�� DQG (XOHU HTXDWLRQV�����

KDYH EHHQ XVHG WR FDOFXODWH WKH URWRU oRZnHOG� ,QLWLDOO\ GHYHORSHG PHWKRGV XVLQJ WKH SRWHQWLDO oRZ DQG

WKH (XOHU IRUPXODWLRQV ZHUH SULPDULO\ OLPLWHG WR FDOFXODWLQJ QRQOLIWLQJ URWRU oRZ EHFDXVH RI WKH LQKHUHQW

OLPLWDWLRQ RI EHLQJ XQDEOH WR PRGHO WKH YRUWH[ ZDNH ZLWK WKHVH HTXDWLRQV� DOWRXJK WKH (XOHU IRUPXODWLRQ

KDV LQ LW WKH QHFFHVDU\ SK\VLFV WR PRGHO YRUWLFLW\ WUDQVSRUW FRUUHFWO\� 7KHVH HTXDWLRQV EDVLFDOO\ ODFN WKH

SK\VLFDO PHFKDQLVP QHHGHG WR JHQHUDWH WKH YRUWH[ ZDNH� +RZHYHU� LQ FRQMXQFWLRQ ZLWK ZDNH PRGHOV VXSSOLHG

E\ RWKHU VSHFLnF FRGHV ERWK SRWHQWLDO DQG (XOHU FRGHV KDYH EHHQ H[WHQVLYHO\ XVHG WR FDOFXODWH WKH OLIWLQJ

URWRU oRZnHOGV� 7KH VWDQGDUG H[SHULPHQWDO GDWD WKDW LV XVHG LQ YDOLGDWLQJ PRVW RI WKHVH FRGHV KDV EHHQ

WKH WZR EODGHG URWRU GDWD RI &DUDGRQQD DQG 7XQJ��� $Q H[FHOOHQW UHYLHZ RI VRPH RI WKH FXUUHQWO\ DYDLODEOH

LQYLVFLG nQLWH GLmHUHQFH QXPHULFDO PHWKRGV KDYH DOVR EHHQ SUHVHQWHG E\ &DUDGRQQD DQG 7XQJ�� 2QH RI

WKH PRVW LPSRUWDQW SDUW RI WKH KHOLFRSWHU URWRU oRZnHOG LV WKDW UHSUHVHQWHG E\ WLS YRUWLFHV� 7KLV YRUWLFHV

ORFDWHG DW WKH WLSV RI WKH URWDWLQJ EODGHV DORQJ ZLWK KHOLFDO ZDNH YRUWH[ VKHHW KDYH WUHPHQGRXV LQoXHQFH

RQ WKH RSHUDWLQJ FKDUDFWHULVWLFV RI WKH URWRU� 6RPH RI WKH FRPPRQ SUDFWLFDO SUREOHPV FDXVHG E\ VXFK

FRQFHQWUDWHG WUDLOLQJ YRUWLFHV DUH WKH URWRU YLEUDWLRQ GXH WR XQVWHDG\ OLIW oXFWXDWLRQV� LQFUHDVHG LQGXFHG

GUDJ DQG WKH DQQR\LQJ �EODGH�VODS� �DQ LPSXOVLYH QRLVH FKDUDFWHULVWLF�� 0RVW RI WKH VWXGLHV FDUULHG RXW DUH

EDVLFDOO\ LQYLVFLG LQ QDWXUH DQG WKHUHIRUH SUHFOXGH WKH SK\VLFDO PHFKDQLVPV QHFFHVDU\ WR PRGHO FRUUHFWO\ WKH

IRUPDWLRQ RI WKH WLS YRUWH[ ZKLFK LQYROYHV WKH FRPSOH[ WKUHH GLPHQVLRQDO YLVFRXV oRZnHOG LQ WKH WLS UHJLRQ�

-XVW DIWHU WKH VXSHUFRPSXWHUV ZHUH DYDLODEOH LW ZDV SRVVLEOH WR DSSO\ 1DYLHU�6WRNHV VLPXODWLRQV WR WKLV NLQG

RI oRZV� 8QGHUVWDQGLQJ WKH PHFKDQLVP RI WKH WLS YRUWH[ IRUPDWLRQ DQG LWV VXEVHTXHQW UROOXS ZRXOG SURYLGH

D SURSHU LQVLJKW WR FRQWURO WKHVH WLS oRZV DQG DOOHYLDWH VRPH RI WKH SUREOHPV FDXVHG E\ WKHP� 7KH DELOLW\

WR SUHVHUYH WKH FRQFHQWUDWHG YRUWLFHV LQ WKH nQLWH�GLmHUHQFH JULG ZLWKRXW QXPHULFDO GLmXVLRQ KDV EHHQ WKH

ELJJHVW VHWEDFN XQWLO QRZ IRU SURJUHVV LQ WKLV DUHD� (YHQ WKH PRVW DGYDQFHG FRPSXWDWLRQDO WHFKQLTXHV�

ZKLFK XVH VSDWLDO FHQWUDO GLmHUHQFLQJ� ODFN WKHQ SURSHU PHFKDQLVP WR SUHVHUYH FRQFHQWUDWHG WLS YRUWLFHV DQG

FRQYHFW WKHP LQ WKH oRZnHOG ZLWKRXW QXPHULFDO GLmXVLRQ� +RZHYHU WKH UHFHQWO\ GHYHORSHG XSZLQG VFKHPHV LQ

FRQMXQFWLRQ ZLWK D SURSHU JULG FKRLFH DSSHDU YHU\ SURPLVLQJ WR SUHVHUYH DQG FRQYHFW FRQFHQWUDWHG YRUWLFHV�

$OWHUQDWLYHO\ LI WKH SURSHUO\ FDSWXUHG WLS YRUWH[ LV DQDO\WLFDOO\ UHSUHVHQWHG WKHQ SUHVFULEHG YRUWH[ PHWKRGV

FRXOG EH DSSOLHG WR FDOFXODWH WKH YRUWH[ ZDNH GHYHORSPHQW IRU VHYHUDO URWDWLRQV RI WKH EODGH� 7KHVH PHWKRGV

KDYH GHPRQVWUDWHG WKH DELOLW\ WR SUHVHUYH DQG FRQYHFW FRQFHQWUDWHG YRUWLFHV HYHQ LQ YHU\ FRDUVH JULG UHJLRQV

ZLWKRXW VLJQLnFDQW QXPHULFDO GLmXVLRQ�� 7KH nUVW SDUW RI WKLV SURMHFW FRQVLVWV RI WKH DSSOLFDWLRQ RI D

GHYHORSHG nQLWH HOHPHQW FRPSUHVVLEOH 1DYLHU�6WRNHV FRGH IRU KRYHULQJ KHOLFRSWHU URWRU DQG JHQHUDO YHUWLFDO

oLJKW XVLQJ GLmHUHQW JHRPHWULHV� VWDUWLQJ RQO\ ZLWK WKH URWRU DQG WKHQ LQFOXGLQJ GLmHUHQW IXVHODJH VHOHFWLRQV�

,Q WKH DXWKRU NQRZOHGJH WKHUH LV QRW D SUHYLRXV SDSHU GHDOLQJ ZLWK WKH XVH RI nQLWH HOHPHQW LQ KHOLFRSWHU

URWRU VLPXODWLRQ� 7KH VLPSOH JHRPHWU\ LQYROYHG LQ WKH nUVW VLPXODWLRQV DOORZ WR WDNH SHULRGLFDO ERXQGDU\

FRQGLWLRQV DURXQG WKH URWDWLRQ D[LV DQG WKHUHIRUH WKH FRPSXWDWLRQDO GRPDLQ RQO\ FRYHU �{

1
� ZKHUH 1 LV WKH

QXPEHU RI EODGHV� ,Q RUGHU WR YDOLGDWH RXU FRGH ZH ZLOO EHJLQ ZLWK oRZ DURXQG DQ KHOLFRSWHU URWRU ZLWKRXW

IXVHODJH� )RU WKLV H[DPSOH WKHUH DUH VHYHUDO UHVXOWV XVLQJ SRWHQWLDO� LQYLVFLG DQG YLVFRXV nQLWH YROXPHV

FRGHV DQG ZH FDQ XVH WKHP DV D SDWWHUQ RI FRPSDULVRQ� ,Q WKH QH[W VHFWLRQV ZH SUHVHQW WKH FRPSUHVVLEOH

1DYLHU�6WRNHV HTXDWLRQV� WKH nQLWH HOHPHQW IRUPXODWLRQ XVHG DV VSDWLDO GLVFUHWL]DWLRQ� VRPH WRSLFV UHODWHG

ZLWK *05(6 LPSOLFLW VROYHU DQG VRPH LPSRUWDQW UHPDUNV DERXW WKH ERXQGDU\ FRQGLWLRQ WUHDWPHQW� )LQDOO\

ZH VKRZ D YLGHR ZLWK WKH UHVXOWV RI WZR QXPHULFDO VLPXODWLRQV� WKH nUVW IRU VXEVRQLF WLS 0DFK QXPEHU DQG

WKH ODVW IRU D FULWLFDO YDOXH�

352%/(0 67$7(0(17

,Q WKLV VHFWLRQ ZH LQFOXGH VHYHUDO DVSHFWV UHODWHG ZLWK WKH QXPHULFDO VLPXODWLRQ RI oXLG oRZ DURXQG
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KHOLFRSWHU FRQnJXUDWLRQ LQ KRYHU�

7KH SUREOHP LV HVWDEOLVKHG LQ D QRQ�LQHUWLDO IUDPH WR WUHDW WKH FHQWULIXJDO DQG &RULROLV IRUFHV�� DQG

IRU WKLV nUVW VWDJH RI WKH SURMHFW ZH IRFXV RQ WKH VWHDG\ VWDWH VROXWLRQ� 7KH SK\VLFV LQYROYHG LQ RXU oXLG

G\QDPLF SUREOHPV LV PDWKHPDWLFDOO\ JRYHUQHG E\ 1DYLHU�6WRNHV HTXDWLRQV� �' &RPSUHVVLEOH 1DYLHU�6WRNHV

HTXDWLRQV DUH FODVVLFDOO\ ZULWWHQ LQ WHUPV RI FRQVHUYDWLYH YDULDEOHV LQ WKH IROORZLQJ IRUP�
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,PSOLFLWO\ ZH DVVXPH � ��L  #� � #[L�

8 � ,5� LV WKH oXLG ORFDO VWDWH YHFWRU� ZKHUH 8  >|� |X7
� |H@7 � ZLWK |�X� H DV WKH GHQVLW\� YHORFLW\ DQG

WRWDO HQHUJ\ RI WKH oXLG� )D�)G � ,5
�d� DUH WKH DGYHFWLYH DQG GLmXVLYH oX[HV� UHVSHFWLYHO\� WKDW GHSHQG RQ

WKH VWDWH YHFWRU DQG LWV JUDGLHQW DV�

)D�8�  

�
�

|X7

|XX7 � S,�d�
�|H� S�X7

�
� )G�8�U8�  

�
�

�

}

�} c X� T�7

�
�

���

ZKHUH S� }�T DUH WKH WKHUPRG\QDPLF SUHVVXUH� WKH VWUHVV GHYLDWRULF WHQVRU DQG WKH KHDW oX[ YHFWRU�

UHVSHFWLYHO\� ZLWK

}MN  x�XM�N � XN�M� � wXO�OpMN

TM  �t�M ���

ZKHUH x LV WKH HmHFWLYH G\QDPLF YLVFRVLW\ �FRQVLGHULQJ WKH WXUEXOHQFH YLVFRVLW\ FRPLQJ IURP %DOGZLQ�

/RPD[ PRGHO���� w LV WKH VHFRQG YLVFRVLW\ FRHpFLHQW� � WKH WKHUPDO FRQGXFWLYLW\ DQG t WKH WHPSHUDWXUH�

:H nQLVK WKH GHVFULSWLRQ RI WKH PDWKHPDWLFDO PRGHO� LQWURGXFLQJ WKH VWDWH HTXDWLRQ RI WKH oXLG DQG WKH

UHODWLRQ EHWZHHQ WKH HQHUJ\ DQG WZR RI WKH WKHUPRG\QDPLF YDULDEOHV RI WKH oXLG� 6SHFLnFDOO\ ZH XVH WKH

LGHDO JDV ODZ

S |  5t  &Y�o b ��t  �o b ��H

S  �o b ��|L ���

ZKHUH 5 DQG &Y UHSUHVHQW WKH JDV XQLYHUVDO FRQVWDQW DQG WKH VSHFLnF KHDW DW FRQVWDQW YROXPH UHVSHFWLYHO\

DQG L LV WKH LQWHUQDO HQHUJ\
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EHLQJ I&RU  b�ldX DQG I&HQW  bldld[ WKH &RULROLV DQG FHQWULIXJDO IRUFH� UHVSHFWLYHO\� 7KLV NLQG

RI DGYHFWLYH�GLmXVLYH V\VWHP LV LQFRPSOHWHO\ SDUDEROLF DQG QRW FRPSOHWHO\ SDUDEROLF EHFDXVH WKH FRQWLQXLW\

HTXDWLRQ KDV QRW GLmXVLYH WHUP� ,Q WKH (XOHU HTXDWLRQV FDVH ZH FDQ XVH WKH DERYH V\VWHP GURSSLQJ WKH

GLmXVLYH oX[ WHUPV )L
G� UHVXOWLQJ LQ D SXUH DGYHFWLYH K\SHUEROLF V\VWHP�

,W LV XVHIXO WR UHZULWH WKH HTXDWLRQ � LQ D TXDVL�OLQHDU IRUP

$M8�M  �.LM8�M��L � ) ���

ZKHUH $M  #)M
D #8 LV WKH MWK DGYHFWLYH MDFRELDQ PDWUL[ DQG .LM LV RQH RI WKH FRPSRQHQWV RI WKH

ZKROH WHQVRU . WKDW UHSUHVHQW WKH GLmXVLYH MDFRELDQ PDWUL[� ZLWK )L
G  .LM8�M � ([SUHVVLRQV IRU WKH DERYH

MDFRELDQ PDWULFHV PD\ EH IRXQG LQ VHYHUDO UHIHUHQFHV������������

63$7,$/ ',6&5(7,=$7,21 %< )(0

,Q RUGHU WR JHW D QXPHULFDO VROXWLRQ RI WKH FRQWLQXXP SUREOHP SUHVHQWHG LQ WKH nUVW VHFWLRQ ZH KDYH

WR GLVFUHWL]H WKH SUREOHP XVLQJ D SDUWLFXODU QXPHULFDO PHWKRG� ,Q WKLV ZRUN ZH XVH DQ VXSJ WHFKQLTXH

WKDW LV YHU\ SRSXODU LQ WKH FRQWH[W RI )LQLWH (OHPHQW 0HWKRG DQG LV RQH RI WKH PRVW UHIHUHQFHG LQ WKH

FIG DUHD��������������������������������������� ,W LV EDVHG RQ 3HWURY�*DOHUNLQ ZHLJKWHG UHVLGXDO PHWKRG ZKLFK

DOORZV WR XVH WHVW IXQFWLRQV WKDW FDQ EH GLmHUHQW IURP WKH LQWHUSRODWLRQ RQHV DQG QRW QHFHVVDULO\ FRQWLQXRXV�

7KLV PHWKRG LQWURGXFHV WKH QXPHULFDO GLVVLSDWLRQ QHHGHG WR VWDELOL]H WKH V\VWHP LQ DGYHFWLRQ�GRPLQDWHG

SUREOHPV� NHHSLQJ WKH FRQVLVWHQF\ ZLWK WKH FRQWLQXXP SUREOHP� )RU HDFK QRGH D WKHUH LV DQ LQWHUSRODWLRQ

IXQFWLRQ1D �KDW W\SH LQ �'� ELOLQHDU LQ �'� DQG PXOWLOLQHDU LQ JHQHUDO� DQG D WHVW IXQFWLRQ:D  1D�3D�

ZKHUH 3D LV FDOOHG WKH SHUWXUEDWLRQ IXQFWLRQ� 7KH VWDQGDUG *DOHUNLQ PHWKRG LV UHFRYHUHG ZKHQ ZH LPSRVH

3D s �� 7KH:D �DQG� RI FRXUVH� 3D� DUH QRW QHFHVVDULO\ FRQWLQXRXV WKURXJK WKH LQWHU�HOHPHQW ERXQGDULHV�

7KH YDULDWLRQDO IRUPXODWLRQ RI WKH SUREOHP LV ZULWWHQ LQ WKH IROORZLQJ IRUP� *LYHQ D nQLWH HOHPHQW SDUWLWLRQ

RI WKH RULJLQDO GRPDLQ l LQWR HOHPHQWV lH � H  �� � � � �1HO ZLWK 1HO WKH QXPEHU RI HOHPHQWV LQ WKH PHVK�

7KHQ WKH SUREOHP LV nQGLQJ 8K � 6 VXFK WKDW � 1 � 9
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LV VDWLVnHG� ZKHUH K LV WKH GLmXVLYH oX[ LPSRVHG RQ WKH ERXQGDU\ bK DQG 8
K LV WKH nQLWH HOHPHQW

DSSUR[LPDWLRQ RI 8� 6 DQG 9 DUH WKH WULDO DQG ZHLJKWLQJ IXQFWLRQ VSDFHV UHVSHFWLYHO\� FRPPRQO\ XVHG LQ

WKLV FRQWH[W�����

7KH (XOHU�/DJUDQJH IRUP LV REWDLQHG WKURXJK FODVVLFDO LQWHJUDWLRQ E\ SDUWV�
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LV WKH MXPS LQ WKH GLmXVLYH oX[ WKURXJKRXW WKH LQWHU�HOHPHQW ERXQGDU\� [ LV D SRLQW ZKLFK OLHV WKHUH� [h

DUH SRLQWV EHORQJLQJ WR HDFK VLGH RI WKH ERXQGDU\ DQG bLQW LV WKH LQWHU�HOHPHQW FRQWRXU� &RQVLVWHQF\ LV

ZDUUDQWHG EHFDXVH WKH FRQWLQXXP VROXWLRQ LV DOVR VROXWLRQ RI WKLV YDULDWLRQDO IRUPXODWLRQ� $V ZH PHQWLRQHG

HDUOLHU WKH JRDO LQ VXSJ VFKHPH UHOLHV RQ WKH PRGLnFDWLRQ RI WKH VWDQGDUG EDVLV IXQFWLRQV LQ RUGHU WR VWDELOL]H

WKH GLVFUHWL]HG SUREOHP� 6LQFH WKH SXEOLFDWLRQ RI WKH RULJLQDO ZRUN LQ ���� E\ %URRNV DQG +XJKHV�� D ORW

RI ZRUN ZDV GHYHORSHG DURXQG WKLV VXEMHFW DQG D FRPSOHWH OLVW RI FRQWULEXWLRQV LV RXW RI WKH VFRSH RI WKLV

ZRUN� ,W LV LPSRUWDQW WR PHQWLRQ WKDW VHYHUDO GLmHUHQW SHUWXUEDWLRQ IXQFWLRQ DSSURDFKHV KDYH DULVHQ VLQFH

WKH RULJLQDO SDSHU� +HUH ZH DGRSW WKDW PRVW FRPPRQO\ XVHG IRU (XOHU DQG 1DYLHU�6WRNHV HTXDWLRQV���������
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,Q WKLV H[SUHVVLRQ DSSHDUV D PDWUL[ ~ WKDW YDULHV IURP GLmHUHQW DXWKRUV DQG UHSUHVHQWV WKH FULWLFDO SRLQW RI WKH

GHVLJQ RI WKH VWDELOL]DWLRQ PHWKRG� 6RPHWLPHV FDOOHG �LQWULQVLF WLPH VFDOH PDWUL[�� LW FDQ EH GHGXFHG WKURXJK

LWV DSSOLFDWLRQ WR VLPSOH VLWXDWLRQV ZKHUH DQ H[DFW DQDO\WLFDO VROXWLRQ LV SRVVLEOH WR nQG� ,WV JHQHUDOL]DWLRQ

LV VR GLpFXOW DQG UHOD\V RQ KHXULVWLF DUJXPHQWV� ,Q WKLV FRGH ZH KDYH XVHG WKH IROORZLQJ GHnQLWLRQ IRU WKLV

PDWUL[�

~  MM%MM
b�  �M%�M� M%�M� M%�M�

b� ����

ZLWK M%LM  6
b�

L MeLM6L � 6 DQG e DUH WKH FRUUHVSRQGLQJ HLJHQYHFWRU DQG HLJHQYDOXH PDWULFHV�
��

7KLV H[SUHVVLRQ LV YDOLG RQO\ IRU LQYLVFLG oRZV �(XOHU HTXDWLRQV�� RU LW LV HTXLYDOHQW WR D IXOO XSZLQG

VFKHPH IRU YLVFRXV oRZV LQWURGXFLQJ WRR PXFK GLmXVLRQ� ,Q WKLV ZRUN ZH KDYH H[WHQGHG WKH DERYH GHnQLWLRQ

WR 1DYLHU�6WRNHV HTXDWLRQV XVLQJ DQ VFDODU IDFWRU WKDW LV SURSRUWLRQDO WR WKH 5H\QROGV DQG 3UDQGWO QXPEHUV

DQG ZDV LQWURGXFHG E\ 6RXODLPDQL HW�DO ���

,03/,&,7 ,7(5$7,9( 62/9(5

$V ZH DUH LQWHUHVWHG LQ VWHDG\ VWDWH VROXWLRQV� WKH WUDQVLHQW WHUP LQ WKH ULJKW KDQG VLGH LV QHJOHFWHG DQG

LQFOXGLQJ WKH WLPH GLVFUHWL]DWLRQ E\ D nQLWH GLmHUHQFHV VFKHPH ZH nQDOO\ UHDFK WKH IROORZLQJ V\VWHP�

t
�

cW
0�&�8�

u
c8  5�8�� ����

ZKHUH 0�&  5
�8 DQG 5 UHSUHVHQW WKH PDVV PDWUL[ DVVRFLDWHG ZLWK WKH GLVFUHWL]DWLRQ RI WHPSRUDO WHUPV�

WKH UHVLGXDO MDFRELDQ PDWUL[ DQG WKH UHVLGXDO YHFWRU� UHVSHFWLYHO\� 7KH FRPSXWDWLRQ RI VWHDG\ VROXWLRQV XVLQJ

WLPH PDUFKLQJ DOJRULWKP DOORZ XV WR VHOHFW WKH WLPH VWHS DFFRUGLQJ WR WHPSRUDO VWDELOLW\ DQG FRQYHUJHQFH

UDWH FULWHULD� ,Q WKH FDVH RI H[SOLFLW VROYHU ZH NQRZ WKDW H[LVWV D FULWLFDO WLPH VWHS WKDW LV IXQFWLRQ RI VHYHUDO
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)LJXUH �� %RXQGDU\ FRQGLWLRQV

QXPHULFDO DQG SK\VLFDO SDUDPHWHUV� 5HJDUGOHVV WKH ULJKW H[SUHVVLRQ IRU WKLV FULWLFDO WLPH VWHS�� ZH NQRZ

WKDW RQH RI WKH SULQFLSDO IDFWRU WKDW LQoXHQFH RQ LWV GHWHUPLQDWLRQ LV WKH HOHPHQW VL]H� ,I ZH DGRSW D JOREDO

WLPH VWHS �WKH VDPH IRU DOO WKH HOHPHQWV� ZH SHQDOL]H WKRVH HOHPHQWV ZKLFK ELJ VL]H� :KLOH DFFXUDF\ LQ

WLPH ZHUH QRW RXU FRQFHUQ ZH FDQ DGRSW D YHU\ SRSXODU VWUDWHJ\ FDOOHG WLPH ORFDO VWHSSLQJ�� LQ ZKLFK HDFK

HOHPHQW RI WKH PHVK KDV LWV RZQ WLPH VWHS LQ RUGHU WR LPSURYH WKH UDWH RI FRQYHUJHQFH� $V LW LV XVXDO

WKH FULWHULRQ LV WR HTXDOL]H WKH &RXUDQW QXPEHU IRU DOO WKH HOHPHQWV� 7KLV VWUDWHJ\ LV VSHFLDOO\ QHHGHG

ZKHQ WKHUH LV D VWURQJ UHnQHPHQW LQ WKH PHVK GXH WR WKH SK\VLFDO SURSHUWLHV RI WKH oRZ LQYROYHG LQ WKH

FRPSXWDWLRQ� OLNH VKRFNV� ERXQGDU\ OD\HUV DPRQJ RWKHUV� (YHQ WKRXJK WKLV VWUDWHJ\ LV VSHFLDOO\ DGDSWHG WR

H[SOLFLW FRPSXWDWLRQV LWV LPSOHPHQWDWLRQ ZLWKLQ DQ LPSOLFLW VROYHU SURGXFH VRPH LQWHUHVWLQJ LPSURYHPHQW

RI WKH FRQYHUJHQFH UDWH��� 7KH VROXWLRQ RI WKH OLQHDU DOJHEUDLF V\VWHP �� PD\ EH DFFRPSOLVKHG E\ GLmHUHQW

VWUDWHJLHV� ,Q WKH H[SOLFLW FDVH a0 LV XVXDOO\ OXPSHG LQ RUGHU WR JHW D GLDJRQDO PDWUL[� 7KHQ WKH VROXWLRQ RI

WKH OLQHDU V\VWHP GHFRXSOHV DQG LW LV QR QHFFHVDU\ QHLWKHU WR LQYHUW QRU WR VWRUH DQ\ PDWUL[� 7KHVH DGYDQWDJHV

DQG LWV RZQ VLPSOLFLW\ PDNH WKH H[SOLFLW VROYHU RQH RI WKH PRVW SRSXODU ZD\V WR VROYH OLQHDU V\VWHPV� ,WV

GLVDGYDQWDJH LV DVVRFLDWHG ZLWK WKH VWURQJ OLPLWDWLRQV LPSRVHG E\ VWDELOLW\ FULWHULD� ,Q WKH JHQHUDO LPSOLFLW

FDVH ZH QHHG WR VWRUH DQG LQYHUW WKH OHIW VLGH PDWUL[ DQG IRU WKLV WDVN ZH FDQ FKRRVH DPRQJ GLUHFW RU LWHUDWLYH

VROYHUV� 'LUHFW VROYHUV DUH IUHTXHQWO\ XVHG LQ VPDOO DQG PHGLXP VL]H FRPSXWDWLRQV OLNH WKRVH WKDW DSSHDU

LQ �' SUREOHPV EXW LWV JHQHUDOL]DWLRQ WR �' SUREOHPV LV UHVWULFWHG IRU PHPRU\ DQG FSX WLPH UHVRXUFHV� ,Q

WKLV FDVH ZH DUH FRQVWUDLQHG WR XVH LWHUDWLYH PHWKRGV� ,Q WKLV ZRUN ZH KDYH XVHG D PDWUL[�IUHH JPUHV �

RQH RI WKH PRVW UHIHUHQFHG LWHUDWLYH VROYHUV LQ FIG DSSOLFDWLRQV GXULQJ WKH ODVW \HDUV���� 7R DFFHOHUDWH WKH

FRQYHUJHQFH RI WKH JPUHV DOJRULWKP ZH KDYH XVHG WZR GLmHUHQW NLQG RI SUHFRQGLWLRQHUV� 7KH nUVW RQH LV

LQWURGXFHG LQWR WKH WHPSRUDO WHUP OLNH D PDVV PDWUL[ DmHFWLQJ WKH WLPH HYROXWLRQ RI WKH VROXWLRQ NHHSLQJ

WKH VDPH VWHDG\ VROXWLRQ� 7KLV PDWUL[� FDOOHG b�� LPSURYHV WKH FRQYHUJHQFH UDWH IRU DOO 5H\QROGV DQG 0DFK

QXPEHUV PRGLI\LQJ WKH FKDUDFWHULVWLF VSHHGV ZLWKRXW DOWHULQJ WKH SK\VLFDO VHQVH RI WKH SUREOHP� 7KH GHWDLOV

DERXW WKLV SUHFRQGLWLRQHU DUH RXW RI WKH VFRSH RI WKLV SDSHU� )RU IXUWKHU UHIHUHQFHV� VHH����� 7KH VHFRQG

SUHFRQGLWLRQHU SOD\V WKH UROH RI DQ VFDOLQJ IRU WKH JPUHV PHWKRG DQG LQ WKLV ZRUN ZH KDYH XVHG D ULJKW

SUHFRQGLWLRQHU EDVHG RQ QRGDO EORFN GLDJRQDO PDWUL[������� 7R FLUFXPYHQW PHPRU\ UHVRXUFHV UHVWULFWLRQ LQ

ODUJH �' FRPSXWDWLRQ ZH KDYH XVHG D PDWUL[�IUHH YHUVLRQ RI WKLV DOJRULWKP���

%281'$5< &21',7,216

)LJXUH � VKRZV WKH FRPSXWDWLRQDO GRPDLQ DQG WKH ERXQGDU\ FRQGLWLRQV VSHFLnHG IRU RXU VLPXODWLRQV�
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q %ODGH URRW ERXQGDU\ FRQGLWLRQV 7KLV ERXQGDU\ LV JHQHUDWHG E\ D F\OLQGHU RI UDGLXV 5� WKDW VXUURXQG

WKH URWDWLRQ D[LV� ,W LV UHSUHVHQWHG E\ WKH VXUIDFH $$
'
' LQ nJXUH �� ,Q WKLV ERXQGDU\ ZH KDYH DSSOLHG

V\PPHWU\ ERXQGDU\ FRQGLWLRQV�

V\PPHWU\ E�F� �
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ZKHUH �U� V� Q� DUH WKH FRRUGLQDWH D[HV RI D ORFDO IUDPH�

q 3URnOH ERXQGDU\ FRQGLWLRQV
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t  tZ
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ZLWK tZ WKH WHPSHUDWXUH RI WKH SURnOH�

q 3HULRGLF ERXQGDU\ FRQGLWLRQV 5HSUHVHQWHG E\ WZR SODQHV ZKHUH H[LVW VFDODU DQG YHFWRU SHULRGLFLW\

RI WKH YDULDEOHV LQYROYHG LQ WKH FRPSXWDWLRQ� ,Q nJXUH � WKH SODQHV $$
%
% DQG ''
&
& ZHUH FRQVLGHUHG

SHULRGLF� ,Q WKHVH SODQHV ZH DVVXPH WKDW VFDODU YDULDEOHV DUH WKH VDPH DQG YHFWRULDO YDULDEOHV OLNH YHORFLW\

YHFWRU DUH WKH VDPHV XQOHVV WKH UHVSHFWLYH URWDWLRQ EHWZHHQ WKH WZR SODQHV�

q )DU�nHOG ERXQGDU\ FRQGLWLRQV 7KH SODQHV $%&' � $
%
&
'
 DQG %%
&
& DUH IDU�nHOG ERXQGDULHV�

�VHH nJXUH �� )RU WKLV ERXQGDU\ ZH PD\ DSSO\ VHYHUDO VWUDWHJLHV� 7KH nUVW RQH FRXOG EH VWDQGDUG 'LULFKOHW

ERXQGDU\ FRQGLWLRQV ZLWK VSHFLDO FDUH DERXW ZKLFK YDULDEOH VKRXOG EH n[HG� $ JHQHUDO UXOH IRU FRPSUHVVLEOH

oRZ WDNHV DFFRXQW RI WKH 0DFK QXPEHU DQG WKH QRUPDO YHFWRU RI WKH ERXQGDU\ LQ RUGHU WR GHWHUPLQH WKH

YDULDEOHV WR EH n[HG� 7KH VHFRQG VWUDWHJ\ WKDW LV YHU\ SRSXODU IRU IDU nHOG ERXQGDULHV LV NQRZQ DV DEVRUEHQW

ERXQGDU\ FRQGLWLRQV� 7R DSSO\ WKHP ZH WUDQVIRUP WKH GLmHUHQWLDO RSHUDWRU DW WKH ERXQGDU\ DQG ZH UHFRYHU

WKH FKDUDFWHULVWLFV YDULDEOHV� 7KHQ ZH n[ WKRVH FKDUDFWHULVWLFV YDULDEOH ZKLFK HQWHU WR WKH GRPDLQ WR D

UHIHUHQFH VHW RI YDULDEOHV DQG ZH H[WUDSRODWH WKH LQWHULRU YDULDEOHV IRU WKRVH FKDUDFWHULVWLFV ZKLFK OHDYH WKH

GRPDLQ� )LQDOO\� WKH WKLUG VWUDWHJ\ LV VSHFLDOO\ GHVLJQHG IRU KRYHU KHOLFRSWHU URWRUV� 7KLV NLQG RI WUHDWPHQW

DURVH EHFDXVH WKH LQDGHFXDFLHV RI WKH VWDQGDUG ERXQGDU\ FRQGLWLRQV IRU WKLV DSSOLFDWLRQ� %ULHo\� ZH FDQ

H[SODLQ WKH GLpFXOWLHV WKURXJK WKH UHFLUFXODWLQJ ER[ FUHDWHG E\ WKH FRPSXWDWLRQDO GRPDLQ ZKHQ WKH URWRU

LV VSLQQLQJ� 7KH TXLHVFHQW oRZ FRQGLWLRQV DW IDU�nHOG ERXQGDU\ HQIRUFH WKLV VLWXDWLRQ LQ RUGHU QRW WR YLRODWH

WKH FRQVHUYDWLRQ ODZV� 7KH UHDO VLWXDWLRQ LV WKDW WKH URWRU HQIRUFH D PDVV oRZ WKDW GHSHQGV RQ WKH URWDWLRQ RI

WKH EODGH DQG LV HQWHULQJ WR WKH GRPDLQ LQ VRPH SDUWV DQG H[LWLQJ LQ DQRWKHU RQHV� )RU D PRUH UHDOLVWLF PRGHO

D WKUHH�GLPHQVLRQDO SRLQW VLQN LQ FRQMXQFWLRQ ZLWK D �' PRPHQWXP WKHRU\�� ZDV SUHVHQWHG E\ 6ULQLYDVDQ

HW�DO��� 7R GHVFULEH WKLV PRGHO ZH QHHG WR FRPSXWH WZR YHORFLWLHV�
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WKDW JHQHUDWHG E\ WKH SRLQW VLQN PRGHO DQG LW LV HYLGHQW WKDW LV SURSRUWLRQDO WR WKH UDGLDO GLVWDQFH WR WKH

FHQWHU RI URWDWLRQ �G�� UHJDUGOHVV WKH SDUWLFXODU FRRUGLQDWH RI WKH SRLQW� ,Q WKLV H[SUHVVLRQ 5 LV WKH UDGLDO

GLVWDQFH UHODWLYH WR WKH FRRUGLQDWH RULJLQ DQG 0WLS LV WKH 0DFK QXPEHU DW WKH WLS RI WKH EODGH�

7KH VHFRQG RQH LV FDOOHG WKH H[LW YHORFLW\ DQG DSSHDUV IURP D VLPSOH PRPHQWXP WKHRU\ DV�

:H  b0WLS

V
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�
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)LJXUH �� %ODGH SUHVVXUH FRHpFLHQWV � 0WLS  ����

,Q ERWK H[SUHVVLRQV DSSHDUV WKH URWRU WKUXVW FRHpFLHQW &7 WKDW GHSHQGV RQ WKH URWDWLRQDO G\QDPLF

SUHVVXUH TWLS EHLQJ 7 WKH WKUXVW�

&7  
7

�{5�TWLS
TWLS  �

�
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180(5,&$/ 5(68/76

7KH WHVW FDVHV ZHUH H[WUDFWHG IURP VRPH QXPHULFDO VLPXODWLRQV DQG WKH SRSXODU H[SHULPHQWDO GDWD VHW

RI &DUDGRQQD DQG 7XQJ����� ,W FRQVLVWV RI D WZR�EODGHG ULJLG URWRU ZLWK UHFWDQJXODU SODQIRUP EODGHV ZLWK

QR WZLVW RU WDSHU� 7KH EODGHV DUH PDGH RI 1$&$ ���� DLUIRLO VHFWLRQV ZLWK DQ DVSHFW UDWLR RI �� 7ZR

H[SHULPHQWDO VLWXDWLRQV ZHUH WHVWHG� RQH IRU D VXEVRQLF WLS VSHHG DQ WKH ODVW IRU D WUDQVRQLF FDVH� ERWK ZLWK

WKH VDPH FROOHFWLYH SLWFK DQJOH RI tF  �
p� 5H\QROGV QXPEHU� EDVHG RQ WKH EODGH WLS VSHHG DQG WKH FKRUG

RI WKH EODGH ZDV 5H  ����d ��� DQG 5H  ����d ��� UHVSHFWLYHO\� %RWK QXPHULFDO H[SHULPHQWV GHPDQGHG

DSSUR[LPDWHO\ IRXU FSX KRXUV WR UHDFK D UHDVRQDEOH FRQYHUJHQFH OHYHO�

0HVK JHQHUDWLRQ� 7KH DG�KRF JULG JHQHUDWRU FRQVLVWV RI DQ VWUXFWXUHG PHVK JHQHUDWRU WKDW EXLOGV D �'

PHVK E\ H[WUXVLRQ RI D �' JULG� :H GLYLGH WKH ZKROH GRPDLQ LQ VHYHUDO ]RQHV LQ D VLPLODU IDVKLRQ OLNH D

PXOWLEORFN JULG JHQHUDWRU� 7KH nUVW ]RQH LV EDVLFDOO\ FRPSRVHG E\ WKH EODGH DQG LWV YLFLQLW\� 7KLV UHJLRQ

FRQWDLQV WKH EODGHV LWVHOI DQG LV JHQHUDWHG E\ WDNLQJ D UDGLDO SURMHFWLRQ RI WKH PHVK DQG VKLIWLQJ LQ WKH UDGLDO

GLUHFWLRQ IURP WKH LQQHU UDGLXV WR WKH RXWHU RQH� )RU HDFK UDGLDO VWDWLRQ ZH KDYH XVHG DQ 2 PHVK DURXQG D
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)LJXUH �� %ODGH SUHVVXUH FRHpFLHQWV � 0WLS  ����

JLYHQ 1$&$ �� SURnOH� ,W LV SRVVLEOH WR VSHFLI\ DQ\ W\SH RI SURnOHV LQ WKLV VWDJH� ,Q WKH SUHVHQW ZRUN ZH

DGRSW DQ XQWDSSHUHG EODGH WLS� ,W LV UHPDUNDEOH WKDW WKLV SDUW RI WKH PHVK LV UHnQHG GXH WR WKH SUHVHQFH RI

WKH YRUWH[ WLS� :H nOO WKH IDU nHOG GRPDLQ DURXQG WKH EODGH ZLWK DQ VWUXFWXUHG PHVK� 7KH PHVK FRQWDLQV

DURXQG ������ KH[DKHGUDO HOHPHQWV�

0WLS  ���� )LJXUH � VKRZV WKH SUHVVXUH FRHpFLHQW IRU VL[ UDGLDO VWDWLRQV FRYHULQJ IURP U 5  ���� WR

U 5  ����� 7KH WLS 0DFK QXPEHU LV VXEVRQLF� DURXQG ����� 7KHVH UHVXOWV DUH LQ JRRG DJUHHPHQW ZLWK WKRVH

UHSRUWHG LQ VHYHUDO UHIHUHQFHV�����������

0WLS  ���� ,Q WKLV FDVH D VKRFN ZDYH SDWWHUQ ZLWK D KLJK VXFWLRQ UHJLRQ RYHU WKH EODGH LV REWDLQHG E\

WKH DOJRULWKP� )LJXUH � VKRZV WKH SUHVVXUH FRHpFLHQW IRU VHYHUDO UDGLDO VWDWLRQV IRU WKH WUDQVRQLF WLS FDVH

JLYLQJ DJDLQ D JRRG DJUHHPHQW ZLWK RWKHU QXPHULFDO DQG H[SHULPHQWDO UHVXOWV�����������

$ YLGHR ZLWK VHYHUDO IUDPHV VKRZLQJ VWUHDPOLQHV IURP GLIHUHQW SRLQW RI YLHZ LV LQFOXGHG ZKHUH LW LV

SRVVLEOH WR YLVXDOL]H QRW RQO\ WKH KHOLFDO YRUWH[ VKHHW VKDSH DOVR WKH SUHVHQFH RI D VHSDUDWLRQ UHJLRQ FORVH WR

WKH WLS DQG WKH FRUUHVSRQGLQJ UHDWWDFKPHQW�

&21&/86,216

7KH oRZnHOG RI D KRYHULQJ URWRU ZDV FRPSXWHG E\ D nQLWH HOHPHQW FRGH ZLWK DQ HpFLHQW LPSOLFLW VROYHU

IRU WKH VROXWLRQ RI FRPSUHVVLEOH 1DYLHU�6WRNHV HTXDWLRQV� 7R VLPSOLI\ WKH PHVK JHQHUDWLRQ SURFHGXUH ZH

KDYH DGRSWHG D PXOWLEORFN JULG VWUDWHJ\ ZLWK VWUXFWXUHG EORFNV LQVLGH HDFK EORFN� $ YHU\ HmHFWLYH VHW RI

ERXQGDU\ FRQGLWLRQV ZDV DSSOLHG LQ RUGHU WR FDSWXUH VRPH LPSRUWDQW HmHFWV UHODWHG ZLWK WKH IRUPDWLRQ RI
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YRUWLFHV DQG ZDNHV� 7ZR GLmHUHQW H[DPSOHV ZHUH SHUIRUPHG DQG WKH SUHOLPLQDU QXPHULFDO SUHGLFWLRQV DUH

UHODWLYHO\ JRRG FRQVLGHULQJ WKDW WKH PHVK XVHG ZDV UHODWLYHO\ FRDUVH � DSSUR[LPDWHO\ ������ HOHPHQWV��

$&.12:/('*(0(17

7KH DXWKRU ZLVK WR H[SUHVV WKHLU JUDWLWXGH WR &RQVHMR 1DFLRQDO GH ,QYHVWLJDFLRQHV &LHQWurnFDV \ 7uHFQLFDV

�FRQLFHW� $UJHQWLQD� IRU LWV nQDQFLDO VXSSRUW DQG WR 7D\IXQ 7H]GX\DU IRU KLV JXLGDQFH LQ WKLV UHVHDUFK�

&UD\ &�� WLPH ZDV SURYLGHG E\ WKH 8QLYHUVLW\ RI 0LQQHVRWD 6XSHUFRPSXWHU ,QVWLWXWH�

5HIHUHQFHV

>�@ *� 6ULQLYDVDQ� :� 0F&URVNH\� 1DYLHU�6WRNHV FDOFXODWLRQV RI KRYHULQJ URWRU oRZnHOGV� -RXUQDO RI

$LUFUDIW� ������� �����

>�@ .� %UHQWQHU� )� )DUDVVDW� +HOLFRSWHU QRLVH SUHGLFWLRQV� 7KH FXUUHQW VWDWXV DQG IXWXUH GLUHFWLRQ� -RXUQDO

RI 6RXQG DQG 9LEUDWLRQ� ������� �����

>�@ 5� 6WUDZQ� )� &DUDGRQQD� &RQVHUYDWLYH IXOO SRWHQWLDO PRGHO IRU XQVWHDG\ WUDQVRQLF URWRU oRZV� $,$$

-RXUQDO� ������ �����

>�@ 7� (JROI� 6� 6SDUNV� +RYHULQJ URWRU DLUORDG SUHGLFWLRQ XVLQJ D IXOO SRWHQWLDO oRZ DQDO\VLV ZLWK UHDOLVWLF

ZDNH JHRPHWU\ � ,Q ��QG $QQXDO )RUXP RI WKH $PHULFDQ +HOLFRSWHU 6RFLHW\� $PHULFDQ +HOLFRSWHU

6RFLHW\� :DVKLQJWRQ '&�� �����

>�@ 5� $JDUZDO� -� 'HHVH� (XOHU FDOFXODWLRQV IRU oRZnHOG RI D KHOLFRSWHU URWRU LQ KRYHU� -RXUQDO RI $LUFUDIW�

������ �����

>�@ &� &KHQ� :� 0F&URVNH\� 1XPHULFDO VLPXODWLRQ RI KHOLFRSWHU PXOWL�EODGHG URWRU oRZ� $,$$ SDSHU�

�������� �����

>�@ ,� &KDQJ� &� 7XQJ� (XOHU VROXWLRQ RI WKH WUDQVRQLF oRZ IRU D KHOLFRSWHU URWRU� $,$$ SDSHU� ��������

�����

>�@ 7� 5REHUWV� (� 0XUPDQ� 6ROXWLRQ PHWKRG IRU D KRYHULQJ KHOLFRSWHU URWRU XVLQJ WKH (XOHU HTXDWLRQV�

$,$$ SDSHU� �������� �����

>�@ %� :DNH� 1� 6DQNDU� 6� /HNRXGLV� &RPSXWDWLRQ RI URWRU EODGH oRZV XVLQJ WKH (XOHU HTXDWLRQ� -RXUQDO

RI $LUFUDIW� ������ �����

>��@ )� &DUDGRQQD� &� 7XQJ� ([SHULPHQWDO DQG DQDO\WLFDO VWXGLHV RI D PRGHO KHOLFRSWHU URWRU LQ KRYHU�

7HFKQLFDO 5HSRUW 70������� 1$6$� 86$� )HEUXDU\ �����

>��@ )� &DUDGRQQD� &� 7XQJ� $ UHYLHZ RI FXUUHQW nQLWH GLmHUHQFHV URWRU oRZ FRGHV� ,Q ��QG $QQXDO )RUXP

RI WKH $PHULFDQ +HOLFRSWHU 6RFLHW\� $PHULFDQ +HOLFRSWHU 6RFLHW\� :DVKLQJWRQ '�&�� �����

>��@ 1� 1LJUR� 0� 6WRUWL� 6� ,GHOVRKQ� )OXLG oRZV DURXQG WXUERPDFKLQHU\ XVLQJ DQ H[SOLFLW SVHXGR�WHPSRUDO

(XOHU )(0� &RPPXQLFDWLRQV LQ $SSOLHG 1XPHULFDO 0HWKRGV� ��� �����

>��@ %� %DOGZLQ� +� /RPD[� 7KLQ OD\HU DSSUR[LPDWLRQ DQG DOJHEUDLF PRGHO IRU VHSDUDWHG WXUEXOHQW oRZ�

$,$$ 3DSHU� ������� �����
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>��@ 6� $OLDEDGL� 3DUDOOHO nQLWH HOHPHQW FRPSXWDWLRQV LQ DHURVSDFH DSSOLFDWLRQV� 3K' WKHVLV� 'HSDUWPHQW RI

$HURVSDFH (QJLQHHULQJ DQG 0HFKDQLFV� 8QLYHUVLW\ RI 0LQQHVRWD� 0LQQHDSROLV� 86$� �����

>��@ 0� 0DOOHW� $ nQLWH HOHPHQW PHWKRG IRU &)' � 3K' WKHVLV� 'HSDUWPHQW RI &LYLO (QJLQHHULQJ� 6WDQIRUG
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